US federal guidelines recommend that medical providers test all adolescents and adults for HIV infection at least once before the age of 64. The wide age range included in these guidelines may limit their utility and impact. We created an arithmetic model to estimate how HIV screening at different ages would impact the total number of years of undiagnosed HIV infection in the population and the number of persons developing clinical manifestations of HIV/ AIDS. Our base case model assumed that age of infection in the screened population was the same as the estimated age of infection among all persons diagnosed with HIV in the United States in 2010. We parameterized a second model assuming age of infection was similar to the younger age distribution observed in African Americans. In the base case model, the number of years of undiagnosed HIV infection and number of persons with clinical manifestations of HIV/AIDS were both minimized by screening at age 34. If age of infection was similar to that estimated to occur among African Americans, testing at age 24 and 27 would minimize the number of years of undiagnosed infection and clinical cases, respectively. For both parameterization scenarios, testing between the ages of 21 and 38 resulted in outcomes within 10% of the model's estimated optimal age for screening. Focusing HIV screening on a narrower age range than is currently recommended may improve the impact of routine HIV screening efforts.
Introduction
A n estimated 13% of all HIV-infected Americans are unaware of their HIV status 1 and testing these persons and linking them to effective medical care are a centerpiece of the US National HIV/AIDS Strategy. 2, 3 Integrating HIV testing into routine medical care is one mechanism for increasing the proportion of HIV-infected Americans who are aware of their status. In 2006, the Centers for Disease Control and Prevention (CDC) issued recommendations advocating that medical providers screen all adolescents and adults, age 13-64, for HIV infection at least once in their lifetime. 4 A variant on this recommendation was subsequently endorsed by the US Preventive Services Task Force. 5 Many persons at high risk for HIV test for HIV frequently, 6 and CDC guidelines are meant, in large measure, to diagnose infected persons who would not be tested as part of programs designed to reach persons identified as being at high risk for infection. However, the very wide age range specified in the recommendation leaves medical providers and healthcare organizations without clear guidance as to when during a patient's adolescence or adulthood screening should occur. One-time screening at age 16 would likely result in testing most people before they might acquire HIV, while waiting to test until people are in their 60s would allow most infected persons to develop clinical manifestations of HIV/AIDS before testing.
The optimal age range for testing is unknown. We created a model to estimate the age range at which one-time HIV screening performed as part of routine medical care would ideally occur, assuming that the goal of screening is to minimize both HIV transmission and HIV/AIDS-related morbidity and mortality.
Materials and Methods
The model evaluated the impact of routine HIV testing assuming that testing consistently occurred at a specific age. We assessed three outcomes: (1) HIV test positivity; (2) the cumulative number of years of undiagnosed HIV infection in the population; and (3) the number of symptomatic HIV/ AIDS cases that would occur in the population. We modeled test positivity since CDC guidelines identify test positivity of >0.1% as a threshold for defining when to undertake routine testing 4 and because test positivity is widely used as a parameter in cost-effectiveness analyses. 7, 8 We evaluated the cumulative number of years of undiagnosed HIV infection in the population as a measure of population-level prevention impact since persons with undiagnosed infection are more likely to transmit the virus, 9 and minimizing the total number of years of undiagnosed infection may be a means to avert the maximum number of HIV transmissions. Finally, we assessed the number of symptomatic HIV/AIDS cases occurring in the population as an outcome of clinical significance since HIV testing is designed to both prevent transmission and prevent deleterious health outcomes.
The model evaluated screening performed in persons aged 16-64 years using 2010 US Census data to define the size of the population at each age. We assumed that the number of persons of each age within each census-defined 5-year age grouping was equivalent.
The age at which people acquire HIV infection is a critical determinant of when routine screening would ideally occur. However, the age distribution of HIV acquisition among infected persons who are not tested though risk-based or prenatal screening-the dominant target population for routine screening-is not known. Thus, we modeled different distributions of age at time of HIV infection. In all models, we assumed that all infections occur in persons aged 16-64 years. In our base case analysis, we assumed that the age of HIV acquisition in our candidate population for screening was similar to the estimated age of acquisition of HIV observed among all persons infected in 2010. We used 2010 national CDC data to define the number of new infections occurring in persons in each age group (assuming that all infections in those under age 16 occurred in those aged [16] [17] [18] [19] years and all those occurring in those aged >65 years occurred in persons aged 55-64 years) and calculated rates using census data to define the population at risk for infection. 10 Second, because late HIV diagnosis is more common among African Americans, 11 we hypothesized that the population that might benefit most from screening would be African Africans. National data suggest that the age of HIV acquisition among African Americans is younger than that of the total population of persons with HIV. 10 Thus, we created a second model using the same national estimates for the total number of infections and size of the population, but assuming that the proportion of new infections occurring in each age group was similar to that estimated to occur in African Americans.
The model used data from the Concerted Action on Seroconversion to AIDS and Death in Europe (CASCADE) to define the risk of developing a CD4 count of <200 cells/mm 3 over time. 12 Based on those data, we assumed that 8.8% of persons develop a CD4 count <200 cells/mm 3 in the first year following HIV infection and that the risk of dropping below that threshold is linear after the first year, with an additional 6.08% of persons developing a CD4 count <200 cells/mm 3 each year, and all persons having a CD4 count <200 cells/mm 3 16 years following infection. Our model assumed that all persons would develop symptoms leading to diagnostic testing concurrent with the decline of their CD4 to <200 cells/mm 3 . In reality, many people develop clinically significant symptoms before their CD4 count drops below 200 cells/mm 3 , while others have no symptoms until years after their CD4 count declines below that threshold. 13 Cohort studies of persons infected as adults undertaken in the 1980s and 1990s found that *50% of persons develop symptoms of HIV infection within 7 years of infection, 14 with a quarter to half developing an AIDS-defining illness in the 9-11 years following infection. 14, 15 The median time from infection to CD4 count <200 cells/mm 3 in the model is 8 years, roughly corresponding to the median onset of illness in cohort studies.
We created the model using Excel (Microsoft Corp., Redmond, WA). Each line in the spreadsheet started with the number of persons of that age in the population, from which we estimated the number of new HIV infections occurring in persons of that age. In successive columns, we estimated the cumulative number of persons developing symptomatic HIV/ AIDS in each of the next 16 years as well as the cumulative number of years of undiagnosed HIV infection among persons infected at that age. We assumed that screening occurred in the midpoint of each year and that persons contributed half a year of undiagnosed HIV in the year of their diagnosis. If screening occurred before an age group's HIV infection, we assumed those persons were not diagnosed with HIV until they developed a CD4 count <200 cells/mm 3 , at which point they would cease to contribute person-years of undiagnosed HIV infection to the population. For example, when modeling screening at age 20, all persons acquiring HIV after that age would be diagnosed when their CD4 count went below <200 cells/mm 3 . We defined the optimal age of screening as the age which resulted in the minimum total years of undiagnosed HIV infection in the population or the minimum total number of cases of symptomatic HIV/AIDS.
The following model was used to compute years of undiagnosed HIV infection and number of cases of symptomatic HIV/AIDS for any given screening age, x:
where
Pop i is the population size, Incid i is HIV incidence, and w i is a weight for the ith age group, t j = 0.5 for j = 1 and 1.0 otherwise, and r k = 0.088 for k = 1 and 0.0608 otherwise.
We estimated HIV test positivity among screened persons without a prior HIV diagnosis using the following formula:
where incident HIV x is the number of HIV infections occurring in persons of age x, AIDS x is the number of AIDS cases occurring in persons of age x -1, and NumAge x is the 28 GOLDEN ET AL.
number of people in age group x, all of whom are assumed to test for HIV. Here, we subtract persons with AIDS from both the numerator and the denominator since in our model we assume those persons are tested for clinical reasons, not screening.
Results Figure 1a presents data on HIV test positivity if screening occurs at different ages using our base case assumptions. HIV test positivity is low among 16-year-olds (0.026%), but rises steeply with age until peaking at 0.28% at age 31. Positivity thereafter declines to 0.070% at age 64, reflecting the fact that most infected persons had already been diagnosed with HIV before age 64 as a result of developing symptoms. Figure 1b presents data on the cumulative number of years of undiagnosed HIV infection and number of symptomatic HIV/AIDS cases that would occur if screening happened at different ages. As shown, both the cumulative number of years of undiagnosed infection and number of symptomatic cases are highest if screening focuses on the youngest or oldest persons. Testing at age 34 minimizes both the population's number of years of undiagnosed HIV infection and the number of symptomatic cases. While this optimal age minimized adverse outcomes, small differences in the age of screening had little impact on when screening would ideally occur. For example, the age boundaries at which testing resulted in more than a 10% increase in the number of years of undiagnosed HIV infection or symptomatic cases compared with the optimal testing age (shaded gray area in Fig. 1b) were <23 and >48 years. Figure 2 presents data from our model parameterized using the estimated age of HIV infection among African Americans in the United States in 2010. Under this assumption, compared with our base case model, test positivity among young persons is higher, peaking at age 30 at 0.30%. The optimal age of testing likewise occurs at a younger age than in our base case scenario; years of undiagnosed HIV infection are minimized by testing at age 24, and the number of symptomatic HIV/ AIDS cases is minimized by testing at age 27. The curves shown in the Figure have a steeper slope than those presented in Fig. 1 , indicating that the difference in outcomes between the optimal age of screening and the far ends of the age distribution is greater. For example, compared with testing at age 24, testing at age 43 is associated with 10.2% and 12.7% increase in cumulative years of undiagnosed HIV infection and symptomatic HIV/AIDS diagnoses, respectively. As in the base case, the age range in which both years of undiagnosed HIV infection and symptomatic HIV/AIDS diagnoses vary <10% from the optimal age is relatively wide. These ranges vary somewhat between our two modeled distributions of the age of infection. However, ages 21-38 are within this near optimal range under both modeled scenarios.
Discussion
We used a simple model incorporating data on the age distribution of new HIV diagnoses and the rate of disease progression to estimate HIV test positivity and the optimal age for routine HIV screening. We found that HIV test positivity is highest among persons in the late 20s or early 30s and, at least in the absence of other approaches to HIV screening (i.e., testing not prompted by clinical indications), exceeds 1 per 1000 persons tested-the CDC-recommended threshold for defining populations in which testing should be routine. 4 If the goal of screening all Americans at least once during their adolescence or adulthood is to minimize HIVassociated morbidity and the number of years of undiagnosed HIV infection, the optimal age for screening is likely sometime between the ages of 21 and 38. Testing within this range results in less than 10% difference in the occurrence of adverse outcomes relative to testing at the optimal ages in the scenarios we investigated.
While we believe that our findings could be helpful in refining US national guidelines to more narrowly focus routine HIV testing efforts, such a revision would require careful consideration of experiences with routine testing over the last decade and attention to how such a revision might affect different populations and operational considerations in different clinical facilities. In particular, it will be important to more carefully consider which patients' routine screening is designed to impact since many persons diagnosed with HIV infection in the United States are tested through efforts that focus on higher risk persons (e.g., men who have sex with men, persons with bacterial sexually transmitted infections, persons who inject drugs), prenatal care, or testing prompted by sex or needle sharing partner's HIV diagnosis. 6, [16] [17] [18] [19] [20] National HIV surveillance data demonstrate that late HIV diagnoses are particularly common among heterosexual men and male persons who inject drugs, 21 while local studies have identified foreign birth, rural residence, and being an African American MSM as risk factors for late diagnosis. [22] [23] [24] These findings highlight how existing efforts to identify persons with HIV infection are selective in their success. Decisions to change routine screening guidelines will need to consider which populations are likely to be most affected by such changes.
FIG. 2.
Estimated HIV test positivity among tested persons (a) and cumulative number of years of undiagnosed HIV infection and AIDS cases (b) by age (age distribution based on estimated incidence in African Americans).
While the narrower age range we propose is potentially more complicated than the very broad age range recommended in the 2006 CDC guidelines, screening recommendations for gonorrhea and chlamydial infection; hepatitis C; and cervical, breast, and colon cancer provide guidance on the target ages or birth years for screening. [25] [26] [27] [28] Thus, there is precedent for adopting screening guidelines that are more focused than the current US HIV screening recommendations. Young adults, particularly young men, are less likely to have a usual source of medical care and to receive care than children or older adults, which may present a barrier to focusing screening on a narrower age range. On the other hand, even among men in their 20s, over 70% have a usual source of care, and many others receive at least some care through places such as urgent care clinics. 29, 30 Recommending HIV screening for adults in medical settings during a more narrow age range, perhaps with a suggestion to test older adults who were not screened in the recommended age range, could maximize the benefit of screening and the efficient use of HIV testing resources.
Our findings have a number of limitations. First, our model assumes that routine screening and testing of persons with clinical manifestations of HIV/AIDS are the only mechanisms for diagnosing people with HIV infection. This is clearly not the case. Many persons with identified risks for HIV infection test for HIV through programs specifically designed to serve them, many women test for HIV as part of prenatal care, and substantial numbers of persons test for HIV in response to a partner's HIV diagnosis. As a result, our model's absolute values for each outcome are overestimates, although HIV test positivity could be higher than what we estimate in some populations. Second, we do not know the true distribution of age of infection in persons who might be identified through screening integrated into routine medical care. To address this limitation, we modeled different age distributions of infection and defined an age range that optimizes routinized testing in medical care under different circumstances. Third, our model is based on 2010 estimates of age-specific HIV incidence. Insofar as historical or future incidence that varies from these estimates, our model's findings may be imprecise. Fourth, we assumed that infected persons are all diagnosed once their CD4 count drops below 200 cells/mm 3 . In fact, many persons develop clinically significant symptoms before their CD4 count declines below this threshold, while others remain clinically well for years with very low CD4 counts. The difficulty in estimating when infected persons might be diagnosed because of symptoms is further complicated by evidence suggesting that HIV may be evolving to progress more rapidly 31 and by variance in the rate of disease progression with age. 14, 15 The median time to diagnosis we used is very similar to the median time to development of symptoms observed in cohort studies of hemophiliacs in the 1980s and 1990s. 14, 15 Thus, while our estimate of time from infection to diagnosis is imprecise, it accords with available data. Moreover, small differences in this estimate are unlikely to have a major impact on our findings. Finally, our model is static and does not include transmission effects. Persons with undiagnosed HIV are a critical source of HIV transmission, 9 and decreasing the cumulative years of undiagnosed infection should decrease HIV incidence. However, we did not directly model HIV transmission. Evaluating different age-based HIV screening guidelines through the use of a dynamic model could provide additional information to inform future screening guidelines.
In summary, we found that focusing routine HIV screening on persons between the ages of 21 and 38 would likely maximize the benefits of testing as part of routine medical care. Current CDC HIV testing recommendations are now a decade old, and it may be worthwhile to refine those recommendations in light of our findings and experience gained since the guidelines were originally developed.
